Abstract Modern genomic and bioinformatic approaches have been applied to interrogate the V. cholerae genome, the role of genomic elements in cholera disease, and the origin, relatedness, and dissemination of epidemic strains. A universal attribute of choleragenic strains includes a repertoire of pathogenicity islands and virulence genes, namely the CTX/ prophage and Toxin Co-regulated Pilus (TCP) in addition to other virulent genetic elements including those referred to as Seventh Pandemic Islands. During the last decade, the advent of Next Generation Sequencing (NGS) has provided highly resolved and often complete genomic sequences of epidemic isolates in addition to both clinical and environmental strains isolated from geographically unconnected regions. Genomic comparisons of these strains, as was completed during and following the Haitian outbreak in 2010, reveals that most epidemic strains appear closely related, regardless of region of origin. Non-O1 clinical or environmental strains may also possess some virulence islands, but phylogenic analysis of the core genome suggests they are more diverse and distantly related than those isolated during epidemics. Like Haiti, genomic studies that examine both the Vibrio core and pangenome in addition to Single Nucleotide Polymorphisms (SNPs) conclude that a number of epidemics are caused by strains that closely resemble those in Asia, and often appear to originate there and then spread globally. The accumulation of SNPs in the epidemic strains over time can then be applied to better understand the evolution of the V. cholerae genome as an etiological agent.
Introduction
Even with modern established treatments and preventative measures, V. cholerae continues to emerge as a dangerous pathogen. This is especially true in Southeast Asia where the yearly appearance of cholera cases follow predicted patterns or ''seasons'' (Russell 1925; Pascual et al. 2002) . However, cholera epidemics have an unpredictable history of manifesting on a much larger scale and the accounts of global pandemics are well-defined and documented during the last two centuries. The seven recognized cholera pandemics can be traced from Asia and the IndoPacific region; the current 7th pandemic manifesting as two waves, one between 1961 and 1966 and the other spreading to much of the world after 1970 (Karaolis et al. 1994) . Most pandemic strains possess the lipopolysaccharide antigen groups O1 and to a lesser extent O139. Apart from the antigen, O1/O139 strains are highly conserved at the nucleotide level and possess a number of common-related genetic islands (GIs). The assemblage of GIs and subtle variance at the nucleotide level provides a useful scaffold for determining the genetic relatedness of both epidemic and environmental strains. A key theme in the study of cholera disease is how environmental factors and host-pathogen interactions influence genetic variability in V. cholerae genes and GIs and as well as their relatedness to virulence. The current repertoire of genomic tools has begun to answer these questions.
Conventional Genomics and Established Virulence Islands
The completion of the El Tor N16961 strain genome sequence in the year 2000 confirmed and identified the positions of the recognized 7th pandemic virulence islands (Heidelberg et al. 2000) . Whereas established methods such as ribotyping (Wachsmuth et al. 1993) , pulsed field gel electrophoresis (Weber et al. 1994) , and multilocus enzyme analysis/sequence typing (Byun et al. 1999; Li et al. 2003; Lam et al. 2012 ) examined genomic complexity of isolated strains by probing the sequences of individual genes and regions or sizes of generated distinct fragments, the thoroughness of these examinations were limited by their design. Though useful, this level of resolution was still inadequate; for example, it was only recently during the late 1990s when it was discovered that most if not all Vibrio species possessed two chromosomes (Trucksis et al. 1998; Yamaichi et al. 1999) . In whole, the deciphered genomic sequence of this 7th pandemic strain has paved the way for tools such as microarray analysis (Dziejman et al. 2002) and parallel whole genome sequencing (Grim et al. 2010; Mutreja et al. 2011 ) to better understand genomic complexity of V. cholerae and gene expression at nucleotide resolution (Mandlik et al. 2011) . Most recently, the de novo assembly of the closed and complete sequences of both chromosomes I and II by coupling different modern sequencing platforms such as Illumina, Sanger 454, and Pacific Biosciences exemplifies how technology has pushed Vibrio genomics past the limits of the basic molecular typing methods (Bashir et al. 2012) . The sequence and assemblage of both virulence-associated GIs and housekeeping genes now provides a highly resolved template that has proved useful for further interrogation. In the approximate 4 Mb of genomic DNA present in the large chromosome I (*3 Mb) and small chromosome II (*1 Mb), many of the core genes (*1,500) are well-conserved in both O1 and non-O1 serotypes (Vesth et al. 2010) . However, among these core genes are interspersed GIs and phagerelated sequences. Some of these are demonstrated to contribute to pathogenicity. Of the GIs found in various V. cholerae serotypes, we know of a handful that exhibit high conservation in more virulent isolates. Some GIs such as toxin coregulated pilus (TCP) island and the integrated phage CTX/ together regulate and encode expression of cholera toxin, the protein toxin that causes the most of the cholera diarrheal syndrome.
Using the genome reconstruction of the recent Haitian outbreak strain (H1, 2010) as a reference and comparator, and then mapping the nucleotide and protein identity from a diverse panel of Vibrio strains, the GIs specific to 7th pandemic strains are apparent when aligned and illustrated as a Blast Atlas (Fig. 1) (Vesth et al. 2013) . Apart from these GIs, the a bulk of the DNA sequence from 7th pandemic El Tor O1 isolates is nearly identical, thus making these islands useful for identification of virulent strains and genomic analysis. These genetic elements include Vibrio 7th Pandemic island I and II (VSPI and VSPII), TCP, Vibrio pathogenicity island II (VPI-II), CTX/ and the Toxin linked cryptic (TLC) (Dziejman et al. 2002; Chun et al. 2009 ). Another mobile element, SXT, was first identified in O139 clinical isolates during the 1990s. SXT is a self-transmissible integrating conjugative element that encodes antibiotic resistance and is now found to be present in almost all O1 clinical isolates post early 1990s . In all Vibrio species, a large and hyper variable segment of chromosome II called the superintegron (SI) encodes more than 200 open reading frames that exist as individual mobile gene cassettes (MGC). The conservation of the collective GIs in sequenced clinical isolates has facilitated the use of genomic analysis to better elucidate their requisite role in virulence and pathogenesis.
Core and Pan-Genome Collections of genome sequences are used to extrapolate the conserved minimal core and expanded pan genome/pan proteome within Fig. 1 Genome blast atlas created with CMG Biotools (Vesth et al. 2013) showing the aligned genomes of a panel of V. cholerae clinical and environmental isolates using the 2010 Haiti epidemic strain as reference. Genomes are colored by both biotype and source and also match genomes analyzed in the Fig. 2 . Seventh pandemic islands and Superintegron are labeled on both chromosomes bacterial phylogenies. The core genome is demonstrated to be one the optimum datasets for determining phylogenic relationships (Rokas et al. 2003) and is appreciably more practical in determining phylogenetic reconstruction than using 16S/23S rRNA or a handful of essential housekeeping genes, especially when applied to examine closely related taxa. An initial comparative study of 23 diverse V. cholerae strains found 2,432 common core genes or orthologues and 6,953 total unique genes in the pan genome (Chun et al. 2009 ). This core genome assemblage from both O1 and non-O1 strains integrated essential and nonessential genes and excluded the major virulence islands. This report proposed 7th pandemic strains were one of 12 lineages in this group that share a very similar backbone and hence probably all originated from a common ancestor. One major difference between the predicted lineages in this study were GIs outside the core genome and it was proposed that a driving force in diversity of V. cholerae can be attributed to horizontal gene transfer of GIs. In similar work, Vesth et al. examined the core and extended pan genomes of 32 Vibrio isolates represented by 12 species (Vesth et al. 2010) . Of the 18 represented V. cholerae representatives, core genes comprised nearly half the genome and the pan-genome spanned a total of 6,500 genes. The divergence within V. cholerae species was minor when compared to that for a broad representation of the Vibrio genus; the core genome decreased to only 1,000 families while the pan-genome expanded to *20,000. When these aligned core genes were used to calculate phylogeny, V. cholerae strains were identified again as closely related, however, environmental or clinical V. cholerae strains diverged. Placement within the tree was generally correlated with virulence for the O1 strains; however the presence of these GIs did not absolutely dictate phylogeny. For example, M66-2 is a clinical isolate from 1937 Indonesia that clusters with toxigenic V. cholerae, but it that lacks the CTX/ prophage, and thus may represent a direct ancestor to current pandemic/epidemic V. cholerae (Feng et al. 2008 ). This work also concluded that the clinical non-O1 strain 2740-80 appeared to be an intermediate between the clinical, toxigenic isolates, and those found generally in the environment. These features in the genomes of 2740-80 and M66-2 are relevant to the field because understanding the relationship between the core-genome variation and the influence of acquired GIs on pathogenicity is an important aim of V. cholerae genomics. Because these bacteria can occupy multiple niches in both the estuarine biosphere and the human gut, the fitness for certain genes or GIs may vary in these environments and concomitantly be influenced by the genetic backbone. Thus, some strains may be better adapted for the only the aquatic environment and others also more fit for survival in the human gut. Surveys of environmental strains show that only a small percentage possess the phage that encodes cholera toxin and that a minority have the GI repertoire typically found in pandemic strains (Mukhopadhyay et al. 2001; Faruque et al. 2004; Rahman et al. 2008) . It is also impossible to determine if these environmental strains simply represent contamination from cholera victims or free-living aquatic isolates (see below).
Distinct subgroups within the 7th pandemic El Tor clinical strains are identified. For example, during the last couple of decades, closely related O1 El Tor subgroups responsible for periodic epidemics appeared to originate in Southeast Asia and then to emanate as waves (Mutreja et al. 2011) . Within the panel of clinical O1 genomes surveyed in this work nearly all genes are identical and the total number unique Single Nucleotide Polymorphisms (SNPs) between individual strains is enough to identify subtle sublineages. To illustrate phylogeny of 7th pandemic sublineages, using *1,100,000 nucleotides that encode a set of the unique nonredundant core genome (881 genes) in a panel of 56 strains from a number of independent studies and sources (Fig. 2b) , it can be shown that the relatedness of 7th pandemic strains often correlate well with both date of isolation and geographical incidence and these construed phylogenies are similar to other independent and previous analyses. The strains isolated during the Peru epidemic of the early 1990s most closely resemble other strains isolated in Latin America during the 1990s. Separate from phylogeny based entirely on core genome analysis, this relationship is also evident in the genetic islands as unique deletions in VSP-II and by the presence of a prophage (Nusrin et al. 2009; de Sa Morais et al. 2012) . Likewise, both MAK757 and M66-2 (1937, Indonesia) strains appear related and together diverge from current, more contemporary isolates. The entire group of O1 strains derived from Southern Asia (Pakistan, India, Nepal, and Thailand) in the period 2000-2011 clusters with the Haitian outbreak of 2010. Accordingly, the CDC and a number of independent investigators have concluded that the importation of V. cholerae into Haiti from Nepal or Southeast Asia is probable. Coincidently, a number of strains in this presented phylogenetic dataset (India 2005, Pakistan 2009, India 2010) include those isolated from stool samples in the USA from infected persons traveling abroad, thus directly demonstrating the opportunity for global dissemination of pathogenic strains. There are some exceptions; an Australian strain isolated in 1986 appears closely related to a 1910 Saudi Arabian sample. It is important to also keep in mind that single strain epidemiological oddities such as this example might find more parsimonious explanations by hypothesizing laboratory cross contamination rather than a complicated theory involving global transmission of a comparably ''old'' strain via either environmental or human sources. Clearly, the increased resolution of these predicted phylogenies will extend our understanding of the epidemiology. However, it is important to maintain perspective and note the similarity within pandemic O1 genomes as a group in contrast to others (Fig. 2a) when the phylogeny is extended to include a broad representation of non-O1 V. cholerae genomes. Thus, the occasional phylogenic mapping of a putative clinical or environmental isolate of an O1 isolate in a otherwise diverged group of non-O1 strains, can be discounted as significant if the O1 isolate lacks most or all of the essential virulence genes present on typical genetic islands. Clearly, most O1 and O139 strains that cause clinical cholera and more specifically cholera epidemics are highly related from the genomic perspective and carry highly similar collection of virulence genes encoded by accessory genetic elements .
TCP and CTX/ Variation in O1 strains In contrast to whole genome analysis, the targeted surveillance of mobile virulence islands can be applied to interrogate their role in pathogenesis. TCP (also called VPI) and CTX/ are two virulent GIs most closely connected to cholera disease. Though acquired as separate entities, Fig. 2 The bootstrap consensus tree (Neighbor-Joining) inferred from 500 replicates for a small diverse sample of O1 and non-O1 strains (a) and for a collection of clinical and environmental strains (b). Core genomes were extrapolated using CMG-biotools 2.2, aligned using MAAFT (vs 7.127), and trees were calculated and produced using MEGA (vs 5.10 Hall 2013) there exists a relationship between the two. The TCP gene cluster encodes a bundled type IV-like pilus that contributes to V. cholerae intestinal colonization during infection and also serves a dual role as the receptor for CTX/ temperate phage acquisition (Kirn et al. 2000) . The 6.9 kb genome of filamentous phage CTX/ carries genes for both enterotoxin CTXA/B subunits in its core genome and thus can convert CTX/ negative Vibrio into toxigenic bacteria . Furthermore, the TCP-encoded ToxT/ToxS/TcpH gene products work with ToxR to regulate a number of virulence genes during infection including the CTX/ genes for cholera toxin (Miller et al. 1989; Krukonis et al. 2000; Beck et al. 2004) . Some clinical O1 strains and non-O1 environmental V. cholerae isolates have been identified that possess either TCP or TCP/CTX together, but isolates that carry only CTX/ without the TCP island are rare in nature (Li et al. 2003) . It is widely accepted that TCP/CTX positive O1 strains cause most modern cholera outbreaks while most non-O1/O139 cause typically less severe disease that is sporadic and seldom observed to cause epidemics although occasionally these do occur (Dalsgaard et al. 1995 (Dalsgaard et al. , 2001 ). The horizontal transfer of TCP and CTX/ between O1 and non-O1/O139 strains is poorly documented and indeed this suggests that most non-O1/non-O139 serogroups do not gain benefit from these virulence elements. Given that the environment is dominated by non-O1/non-O139 strains, this observation suggest that these virulence factors probably do not promote fitness in the aquatic nitch although there is some data that challenges this conclusion for at least chitin binding lectins (Kirn et al. 2005) . Various typing methods and deep sequencing has enabled more sensitive surveillance of CTX/ in strains isolated from the environment (Rivera et al. 2001; Singh et al. 2001; Pang et al. 2007; Awasthi et al. 2012; Hasan et al. 2012; Sealfon et al. 2012; Sellek et al. 2012) . The prevalent assumption that the presence of toxigenic strains in water provides proof that toxigenic strain occupy a stable environmental nitch needs to be re-addressed with modern methods that might differentiate between contamination of the environment by nearby cholera victims as opposed to these strains maintaining themselves within the environment in the absence of infected humans.
The origin of TCP in Vibrio is unknown. Preliminary evidence suggested TCP may be a phage (Karaolis et al. 1999 ), but further investigation has failed to support this conclusion (Davis and Waldor 2003; . Given the observation that TCP assists biofilm differentiation on chitinaceous surfaces (Reguera and Kolter 2005) and chitin induces natural competence (Meibom et al. 2005) , the acquisition of the TCP island by different Vibrio strains could occur independent of a phage-mediated transduction events .
Subtle variability in genetic organization TCP has been noted in both epidemic and nonepidemic strains (Ghosh et al. 1997; Novais et al. 1999; Mukhopadhyay et al. 2001 ). The *41 kb TCP island carries a putative integrase and transposase and is integrated at the tmRNA (ssrA) gene in chromosome I. The region is especially A/T rich when compared to that measured in Vibrio species and varies among V. cholerae strains. Most of the highly conserved region of the TCP island encodes genes required for the biosynthesis of a type IV pilus structure and a minority of the element regulates transcription of genes both inside and outside of the TCP element. A majority of divergent sequences in TCP are either noncoding or are identified as deletions and inserted elements/transposases (Hase and Mekalanos 1998; Yu and DiRita 1999; Mukhopadhyay et al. 2001) .
The TCP pilin genes share some amino acid homology and the pilin protein structure shows a novel TCP-fold with other pilin proteins found in Nisseria, Psuedomonas, and Enterobacter (Craig et al. 2003; Li et al. 2012 ). The major pilin (tcpA) gene shows more diversity in than most others in the island as there is more variance between O1 and non-O1/O139 strains (Iredell and Manning 1994; Rhine and Taylor 1994) . Polymorphisms in the carboxyl terminal region of TcpA protein are predicted to be in surface-exposed TCP fibers (Boyd and Waldor 2002) . Antibodies against TcpA have been found in sera of people living in choleraendemic areas and suggesting immune response may play a role in selective pressure and may in part explain these polymorphisms (Herrington et al. 1988; Hang et al. 2003) . Moreover, single mutants in TcpA are measured to affect colonization, autoagglutination, and serum-resistance suggesting TCP confers immunoprotection from complement-like activity in the intestine (Chiang et al. 1995) .
The chromosomal integration structure of the CTX/ temperate phage genome differs between classical and El Tor 7th pandemic strains and there are some identified amino acid changes at positions within key genes (Fig. 3) . Integrated CTX/ is found in the either of the chromosomes as a single copy or as a tandem array (Mekalanos 1983) . In El Tor strains, CTX/, the adjacent RS1/RS2 regions, and TLC island are shown to be pivotal in the stable acquisition of CTX/ and maintaining the dif site, a sequence important for chromosomal dimer resolution in chromosome I (Rubin et al. 1998; Hassan et al. 2010) . Classical strain O395 harbors the CTX/ on both chromosomes I and II and lacks the adjacent RS1 cassette found in El Tor strain and instead has RS2 (Waldor et al. 1997; Davis et al. 2002) . RS2 and RS1 are two very similar genetic regions that encode phage replication, regulation and integration genes for the CTX/ prophage, however RS1 possesses an additional anti-repressor gene rstC. Expression of rstC antirepressor may be important as it is shown to relieve RtsR repression of CTX genes. Presence of rstC has been shown to increase CTX/ production as much as several thousandfold and also increases the production of rstA transcripts, some of which certainly extend through and include ctxAB (Davis et al. 2002) . Furthermore, the variation between the RtsR repressor in El Tor and Classical strains is sufficient to confer biotype specificity (Kimsey and Waldor 1998) . The other identified class of CTX/ variation in lies within the ctxB gene. These are recognized nonsynonymous variants found in either classical and El tor (and variant) strains and have been utilized as benchmarks in genomic comparisons.
First noted in Calcutta 1990 strains and Bangladesh in 2001, a growing number of 7th pandemic El Tor strains harbor atypical CTX regions (Nair et al. 2002; Raychoudhuri et al. 2009 ). El Tor variants have become the predominant biotype isolated in Asia, Africa, and more recently Haiti (Nair et al. 2002 (Nair et al. , 2006 Ansaruzzaman et al. 2004; Safa et al. 2006) . Instead of the consensus El-Tor CTX/ RS1 sequence, these variants carry a ctxB gene that possesses one or several nonsynonymous variants in addition to a varying number of heptad consensus repeats in the consensus upstream ToxT binding site while often maintaining the El Tor RS1 region. The variants also possess specific amino acid residues in the ctxB gene that are also found in classical strains. Moreover, as in classical strains, at least one of these strains possesses a second copy of CTX/ in chromosome II. Preliminary functional and biochemical study of variants suggests they are located on exposed CtxB protein-protein interfaces within multimer CtxB pore and, therefore, could influence CtxB or CtxA binding dynamics (Shamini et al. 2011 ). The measured amount of cholera toxin produced by a panel of these is shown to be significantly increased when compared to classical and other El Tor strains (Ghosh-Banerjee et al. 2010; Son et al. 2011) . However, the measured increase in toxin production and a concomitant hypervirulence by variants in the infant mouse model in this work were also attributed to increased levels of ToxT and TcpA.
Superintegron Integrons are natural cloning systems that consist of open reading frames that use flanking sites and site-specific recombinases/integrases to entrap and acquire gene cassettes and promoters into a larger array of genes. The superintegron is a novel integron class first discovered in V. cholerae and is represented in current epidemic strains as a large assemblage of these integrated genes (more than 200) that spans more than 100 kb of chromosome II (Mazel et al. 1998 ). Many of these ORFs code genes that have unknown function and are largely nonessential for V. cholerae growth or pathogenesis. They are an interesting reservoir for horizontally exchanged, yet unrelated genes and their significance is not wellunderstood.
The evidence for essential or important genes in the SI in V. cholerae is generally lacking. Microarray and RNA-seq studies measure little to almost no expression across the entire region while growing in liquid media or during infection (Larocque et al. 2005; Mandlik et al. 2011 ). The only measurement for upregulation of these genes is during cell growth at high density or while undergoing stress (Yildiz et al. 2004) . A handful of genes do encode putative virulence factors including the mannose-fucose-resistant hemagglutinin (mrhA), heat-stable toxin (sto), and a lipoprotein gene (Ogawa and Takeda 1993; Barker and Manning 1997; MacDonald et al. 2006 ). However, because of its dynamic nature and variation, the SI has been most useful for genomic analysis and a fingerprint for strain comparisons. Even closely related strains are sometimes found to possess minor variability. Gene cassettes can be duplicated and present as multiple copies in separate locations, probably produced by duplication and not horizontal transfer (Rowe-Magnus et al. 2003; Feng et al. 2008) .
The presence of highly conserved flanking repeat sequences in SI has proved useful for amplification-based genomic analyses. The amplification of unique genes using primers that anneal to the flanked 59 bp repeat region has been used as a molecular fingerprint to identify and profile collections of V. cholerae strains (Labbate et al. 2007 ). The examined dynamic array of MGCs for 60 strains isolated between 1961 and 2008 found more diversity in those prior to 1980s and a predominant SI structure found in most current strains since the 1990s (Gao et al. 2011 ).
Application of Genomics
Regardless of serotype or strain, the treatment of cholera disease is the same-oral and intravenous rehydration with concurrent replacement of electrolytes. Antibiotic therapy is recommended for severely ill patients but is not a first-line treatment. Though the most thorough current genomic analyses may fail to provide information relevant to the primary treatment of cholera, a case can be made for genomic surveillance in order to advance and adapt preventative measures for a number of reasons. First, the genomic content and SNPs can be compared to available sequence databases of environmental and global epidemic strains to better elucidate and determine the origin and dissemination. It is conceivable that the genome may someday be used in order to accurately predict magnitude of virulence. Second, the genomic analysis of emerging strains may be useful when evaluating the efficacy of vaccines and in their design. For example, O1 vaccine strains and strategies utilize expression and secretion of the nontoxic CtxB subunit to enhance efficacy (Thungapathra et al. 1999; Jani et al. 2002; Liang et al. 2003; Qadri et al. 2007; Yan et al. 2007) . There is an emergence of the strains that encode classical-El Tor CTX islands with unique variants in the ctxB gene. The role of these amino acid residues during infection is unclear; incorporating this allele into vaccine strains may be useful.
New genomic tools and methods were applied to rapidly identify genomic features of the strain during the recent Haitian outbreak in 2010 (Chin et al. 2011 ). This represented the first cholera epidemic to be rapidly analyzed with a number of next generation sequencing platforms, even while some of these technologies were still in development. The emergence of this strain in Hispaniola, an island that had not experienced cholera in nearly 100 years posed several fundamental questions about the epidemiology and spread of V. cholerae that may in part be addressed with interrogation of the genomic content. It is obvious that the lack of sanitation and damaged infrastructure following the 2010 Haiti earthquake certainly exacerbated the spread of the cholera cases, but the understanding of the mode of emergence and transmission became an important aim.
One speculation was that the Haitian strain may have re-emerged from a reservoir in Latin America. Following the Peru pandemic that spread into Latin America in the 1990s, modern cholera epidemics in the Western Hemisphere have been generally sporadic but appear to be related. After the Peru pandemic, similar strains were found from Mexico to Brazil in years following and appeared to be monophyletic (Wachsmuth et al. 1993; Lam et al. 2010; Chin et al. 2011; Mutreja et al. 2011; de Sa Morais et al. 2012; Garza et al. 2012) . The Latin American epidemic strains sequenced during this period possessed a unique 40 kb prophage inserted in within the alanine aminopeptidase gene (de Sa Morais et al. 2012) . As a group these strains were found to be most closely resemble a strain from Angola in 1989 and other independent phylogenetic analyses also hypothesized a common African origin which is possibly linked to immigration to Lima during the corresponding period before the 1991 epidemic (Mutreja et al. 2011) .
The rapid sequencing and analysis of the Haitian strain in 2010 and all subsequent work provided almost irrefutable evidence for human transmission of a clonal strain of recent Asian origin (Ali et al. 2011; Chin et al. 2011; Hendriksen et al. 2011; Reimer et al. 2011; Sjolund-Karlsson et al. 2011; Talkington et al. 2011; Frerichs et al. 2012 ). The Haitian strain was distinctly atypical from Latin American strains isolated during and following the Peru 1991 epidemic and possessed a hybrid Classical/El Tor CTX and ICEVchInd5 type SXT, not yet detected in the Western hemisphere and more typical of those strains isolated in Southeast Asia (Chin et al. 2011) . Furthermore, an identified unique deletion in within VPS-II and an assemblage of genes found in the SI most closely matched strains previously characterized in Asia during the previous 8 years. Phylogenic clustering of a panel of El Tor isolates placed more distance between Haiti and both the Peru C6706 strain and the 1971 reference strain N16961 and highest similarity to two strains isolated in Bangladesh; a 2008 strain (M4), co-sequenced with the Haitian isolate, and CIRS101 isolated in 2002. Moreover, the first Haitian cases were noted in the isolated upper Artinobite river valley proximal to a UN camp occupied by troops from Nepal where cholera cases had been documented during the preceding months. This accidental importation and dissemination is supported by the published conclusion of several independent investigators and a UN special panel (UN 2011) . Virtual definitive proof that the Haiti epidemic had an origin in Nepal came from the application of genomic analysis to isolates from obtained from Katmandu patients only weeks before the Haiti epidemic as described below.
In one of the most comprehensive and conclusive genomic analyses, the genomes of 24 Nepalese genomes were compared to ten previously sequenced genomes including three from the recent Haitian outbreak (Hendriksen et al. 2011) . Using whole-genome sequence typing and phylogenetic analysis, a cluster of strains was found to be most closely related to the Haitian strains. Remarkably, two Nepal strains varied from the Hatian strains by only one or two base pair variations. Additional characterization of 77 Nepalese strains collected from ten different hospital laboratories from 2007 to 2010 clustered strains into four different groups using MLVA and ctxB gene typing (Shakya et al. 2012 ). Many of the MLVA patterns in this work matched clinical strains identified in adjacent Southeastern Asian countries and the 2008-2010 strains possessed the same CTX 3b-type toxin. A common theme in this work and other genetic studies is that regional outbreaks appear to be clonal or closely related and also resemble clinical strains isolated and identified in neighboring regions, suggesting regional dissemination. As demonstrated, it should be possible to develop phylogenies that encompass strains isolated from more regions that span multiple seasons or years to better follow evolution and dissemination of epidemic strains.
Current technology has enabled a more robust, deeper surveillance of variation in the pathogenic genome. The analytic value of these data includes understanding its rate of evolution. Recent work shows that we must be mindful in how we apply or interpret significance of measured genetic variation. Using sequence variants between an Indonesian prepandemic 1937 El Tor strain and also classical 6th and modern 7th pandemic strains Feng and colleagues attempted to calculate a ''molecular clock'' (Feng et al. 2008) . The aim was to document changes that had occurred during the divergence of the three clones and estimate the rate of mutation. Though this dataset was limited to the Classical 6th pandemic strain O395 and two El Tor strains from 1937 to 1971, the results suggested mutation rates that were *100 times higher than had been previously assumed. In other independent work, Mutreja et al. concluded that recent epidemic strains isolated during three waves of global transmission in the last 50 years have accumulated about 2.3-3.5 SNPs/year in the core genome. The selective factors that influence this molecular or evolutionary clock include but are not limited to interactions within the host and environmental factors such as bacteriophage. Both clinical data and mathematical studies support a model where lytic phages may be important in ending outbreaks (Faruque et al. 2005a, b; Jensen et al. 2006) . Recent work has evaluated genomic characterization of phages year-to-year in cholera prone areas using coupled-genomic approaches (Seed et al. 2011 ) and host-pathogen interactions using microarray and RNA-seq (Larocque et al. 2005; Mandlik et al. 2011 ).
Conclusions
Genomic science has greatly improved our understanding of pathogenic clones of V. cholerae and their relationship to relatively nonpathogenic environmental strains of this bacterial species. Clearly, gene content (largely driven by phage and GI acquisition, and superintegron and ICE element variation) defines a pathogenic O1 and O139 7th pandemic El Tor lineage of this organism that is separated distinctly from the most common ancestor of nontoxigenic non-O1/non-O139 strains present in environmental waters throughout the world (Boyd and Waldor 2002; Li et al. 2003; Pang et al. 2007; Rahman et al. 2008; Vesth et al. 2010) . The suggestion that climate factors drive emergence of new pathogenic strains and genetic exchange between these distinctly different groups of V. cholerae (Hasan et al. 2012 ) is an interesting but largely speculative idea that simply has no strong support at the genome sequence level (Mekalanos et al. 2012; Katz et al. 2013) or epidemiological level (Gaudart et al. 2013a, b) . Indeed, human activity (travel and poor sanitation) seems the most probable source of typical pathogenic clones globally over the last century and particularly over the three decades during which cholera has established itself as a threat to Africa, Latin America, and the Caribbean. These pathogenic clones certainly have and will undergo further evolution as they have in the case of the variant strains that now dominate cholera endemic and epidemic locales throughout the world. However, applying available genomic tools to other components in the aquatic environment (e.g. phage and microbiome) may someday define whether the key virulence genes of pathogenic V. cholerae, have an origin in a non-O1 V. cholerae (Haley et al. 2013) or even non-Vibrio bacterial species which may or not be pathogens of humans. Understanding the additional biological niches that V. cholerae virulence genes occupy will help define a better model for emergence of pathogenic clones of V. cholerae.
